The mechanisms priming the production, the movement, and the transient and final storage of the photoassimilated carbon in the maize plant were examined at the metabolic level during the formation of the seed, with the ultimate aim to identify metabolic steps restricting grain yield and explaining the delay of formation of the reserve molecules. Under normal field conditions, we show that maize directly supplies the developing seed with the photoassimilated carbon which undergoes numerous interconversions from the ear leaf to the grain. The proteins, either in the leaf or in the seed, are primarily synthesized from incoming amino acids. Nevertheless, a secondary in situ synthesis of amino acids provides the proteins with new amino acids. The amino acids of this second set, slowly synthesized in the seed from the photosynthetic carbon skeletons, are not detected in their free form but immediately and regularly incorporated into the seed proteins, in such a way that, after 4 days of chase, the proportion of the radioactive labeling of the amino acids of the different storage protein groups corresponds to their amino acid composition. In the leaf, the labeling of proteins also arises from different metabolisms, but mainly from the photosynthetic metabolism. Contrary to the seed proteins, the time course of the labeled leaf proteins implies a rapid turnover. The second labeling of starch and proteins in the ear leaf involves a reassimilation of C02, a process optimizing the carbon uptake in maize.
established in maize under physiological conditions. The only data in this area are those by Sodek and Wilson (27) who tried to follow the metabolism of amino acids by introducing 14C leucine and 14C lysine into the shank and endosperm of developing maize seed. However, these partial results, obtained under artificial conditions in the absence ofdata concerning the incoming precursors, did not give reliable and general information about the real in vivo metabolism involved in the seed protein synthesis. The interest of the interconversion studies lies in the peculiar amino acid balance of the maize seed storage proteins (19) , compared to leaf functional proteins. As regards the leaf protein synthesis, most results concern the turnover ofthe major proteins (25) and not their formation from photosynthates.
Consequently, we focused our attention on the fate of the photoassimilated carbon into leaf and seed proteins in maize plants grown in the field under normal physiological conditions. Our purpose was to understand, at the metabolic level, the mechanisms priming the production, the movement, and the transient and final storage of the photoassimilated carbon in the maize plant during the formation of the seed, with ultimate aim to identify metabolic steps restricting the plant grain yield. We point out the existence ofdifferent simultaneous metabolic pathways with numerous interconnections between carbon and nitrogen metabolism and some limiting steps in seed protein synthesis which might be now considered as bottlenecks in the formation of reserve proteins.
Our previous work on the relationships between the photoassimilated carbon and the grain supply, especially focused on storage protein synthesis in the seed, demonstrated that photosynthates are rapidly translocated from the source leaf to the developing seed and serve as elementary components for the synthesis of the seed storage compounds (20) . Major emphasis was given to the time course oftranslocation of radioactivity and its distribution into the major compounds ofthe different organs involved in the source-sink relationships. Nevertheless, information on the molecular conversions of the labeled compounds, such as free sugars, organic and amino acids, in the course of assimilation, translocation, and integration into storage molecules were still lacking explanation of the kinetics observed with maize plants under field conditions.
The processes regulating the interconversions and the incorporation of photosynthates into proteins have not yet been MATERIALS AND METHODS Plant materials and 4C02 labeling, extraction, and separation of "4C labeled products are described elsewhere (20) .
Determination of the Radioactivity of Free and Protein Amino Acids. The radioactivity of the protein amino acids was determined after hydrolysis in HCI 5.7 N for 24 h at 1 10C in evacuated flasks. Quantitative amino acid analyses were performed using a Kontron Liquimat III analyzer using three Na citrate buffers for proteic amino acids and five Li citrate buffers for free amino acids (Durrum system IV Picobuffers).
Because of low specific radioactivity ofthe seed protein amino acids, high sensitivity of the radioactive detection and large amounts of amino acids were required. The chromatographic conditions were optimized using artificial samples made with zein hydrolysates (up to 3 mg per inject) added with CFB152 Amersham radioactive standard (from Bq per inject). The chromatography was performed with a single column (9 x 300 mm) of HPAN90 Hamilton resin, eluted at 50 ml/h with the five Li citrate buffers described above. The radioactivity was detected with a continuous flow Berthold LB 504 monitor. For the radioactive measurements, all the effluent passed first through a Teflon cell (2 ml void volume) filled with anthracene crystals giving a dynamic efficiency of 100 + 7% (static efficiency: 40%) and a 1 Bq sensitivity per amino acid peak. After the Teflon cell, resulting in a spreading of peaks of 40 to 70% measured at half-height width, the effluent was then mixed with ninhydrin reagent for colorimetric determination, except when peaks were collected for a liquid scintillation standardization.
Determination of the Radioactivity of Free Sugars and of Organic Acids. Free sugars were chromatographed on an anionic resin in the borate form (5) and organic acids on a silica gel column (17) . The radioactivity of sugars was determined with a continuous flow radioactivity detector. Organic acid radioactivity was measured by liquid scintillation after collection of the chromatographic effluent.
All the results were corrected on an analytical yield basis and fitted to a standard initial leaf incorporation of 100 MBq.
RESULTS

Formation of Free Compounds from "CO2 in the Fed Leaf
Area. As illustrated in Figure I and Table I , after a 5 min 14C02 feeding, the major part of 14C was found in C4 acids (malate and aspartate), in free sugars (sucrose, glucose, and fructose), and in intermediates linked to the glycolate pathway (glycolate, glycine, and serine). In addition, radioactivity was found in alanine (Table   I ), in citrate, and in phosphorylated intermediates of the BensonCalvin cycle (data not shown).
During the first hours of chase period, the very high specific radioactivity of the organic and free amino acids strongly decreased and rapidly fell down to a negligible value (Table I) . Except for glutamic acid and asparagine, no radioactivity was detected in free amino acids after 24 h of chase. At the end of the experiment, a vestigial radioactivity was also found in malate and aconitate, the major organic acids of the maize leaf.
Transient Storage of Sugars in the Leaf. The kinetics of labeling of the sugars of the leaf (14C02 fed area) are shown in Figure 1 . As early as the "4CO2 pulse, two-thirds of labeled sugars corresponded to sucrose, known to be synthesized in the mesophyll cell type (6) , while other free sugars were mainly glucose and fructose in roughly equal amounts. Transport and Arrival of Free Amino Acids in the Grain. The radioactivity recovered in free amino acids accounted for only 1 to 2% of the total radioactivity of node and shank, and either in node and shank or in grains, it was one thousand times smaller than in the leaf fed area, just after the 14CO2 pulse.
Two sets of free amino acids have to be distinguished in Table  II . First, aspartic and glutamic acids, serine and glutamine were all transported through the intermediary organs to the grains. After the end of the first d, their specific radioactivity slowly decreased in the node and shank, preceding the increase of the specific labeling of the free amino acids of the grain, which reached a maximum around 24 h of chase; then the specific radioactivity of the free amino acids of the seed decreased while they were incorporated into proteins. Nevertheless, in the intermediary organs at the end of the experiment, these amino acids remained much more labeled than in the grains, except for serine. It is noteworthy that, in grains, glutamine was found labeled only at 10 h of chase, but to the highest extent. Although found labeled in the node and shank compartment, alanine behaved differently from these amino acids. Its radioactivity appeared first in the grain, prior to the intermediary organs, and, after 10 h of chase, the labeling followed the same evolution both in the intermediary organs and in the grains.
The second set of free amino acids was formed by threonine, proline and glycine, valine, leucine, tyrosine, phenylalanine, and basic amino acids. None of them was labeled in node and shank, but, in the grains, their specific radioactivity, appreciable after 10 h of chase, followed the same kinetics as the first set, i.e. a maximum at 24 h and a slow decrease during the rest of the experiment.
Synthesis of the Leaf Proteins. As regards leaf protein amino acids, Figure 2 shows that, as for starch synthesis, the radioactivity incorporation proceeded in several steps in synchrony with night and day, but resulted in a general increase during the experiment. This variation was roughly characterized by a diurnal increase of radioactivity and a nocturnal depletion. The protein/starch labeling ratio varied from 0.15 after 4 h of chase to 6 after 96 h, explained by both the protein radioactivity increase and the depletion of the starch labeling. Figure 2 shows the kinetics of the specific radioactivity, corrected for the number of carbon atoms per molecule, of the protein amino acids which may be classified in three groups. The first one includes aspartic acid (and/or asparagine), glycine, and alanine. These amino acids were very rapidly labeled during the first 10 h of chase and underwent a secondary labeling giving a maximum after 24 h of chase, i.e. at midday, the d following the 14CO2 incorporation. Seine should be included in this group, because its very intense labeling during the 10 h following the radioactive pulse, but, like glutamic acid (and/or glutamine), arginine, tyrosine, and phenylalanine, it is classified with the second group characterized by a constant increase of specific radioactivity in the course of the d following the 14CO2 incorporation. To the third group belong all the other protein amino acids which did not exhibit any significant labeling during the 4 d of experiment. Synthesis of the Seed Storage Proteins. The synthesis of seed storage proteins from incoming precursors is described in Figure  3 . Whereas the radioactivity of free amino acids was measurable after 4 h of chase, the specific radioactivity of the amino acids of each protein group was too low before 48 h to allow accurate determinations. Among the protein amino acids, 12 out of 18 were labeled in seed storage proteins. Alanine, glutamic acid (and/or glutamine), serine, threonine, aspartic acid (and/or asparagine), valine, phenylalanine, proline, and leucine were labeled in all the seed storage protein groups after 4 d of chase, whereas the radioactivity of tyrosine, isoleucine, and glycine was restricted to only some ofthe protein groups; for instance, glycine was only found labeled in salt-soluble proteins and in G3 glutelins. The kinetics of labeling of the protein amino acids were all comparable: the increase progressively leveled off at 96 h of chase.
Contrary to protein amino acids, the specific radioactivity of free amino acids reached a maximum between 10 and 24 h of chase and thereafter dropped to very low values (Table II) . The comparison of the labeling of the free amino acids of the grain to the proteins (Fig. 3) showed they form two groups depending on their labeling kinetics: the radioactivity of alanine, glutamic acid (and/or glutamine), serine, threonine, aspartic acid (and/or asparagine), and valine was of importance and clearly exhibited a maximum after a 10 to 24 h chase; among these amino acids, threonine and valine were not significantly labeled in the intermediary organs (Table II) and alanine exhibited a maximum at 10 h of chase, while other free amino acids had their maximum later, at 19 or 24 h of chase. Contrary to this first set of amino acids, the radioactivity found in free phenylalanine, tyrosine, and leucine was weak and no significant amount of labeling was found in proline, isoleucine, and glycine (Fig. 3) when compared to the other amino acids, in spite of a measurable specific radioactivity (Table II) .
The comparison ofthe relative proportion ofthe radioactivity, calculated for 1 carbon atom, of the amino acids of each storage protein group to their respective molar ratio (19) distribution between the amino acids tended to reach a proportion roughly comparable to the molar ratio: all the amino acids were then uniformly labeled, once the radioactivity had been corrected for the carbon number of each amino acid. Nevertheless the proportion of the radioactivity incorporated in some amino acids was higher, whatever the storage protein group: it was particularly the case of alanine and serine, and to a lesser extent of glutamic acid (and/or glutamine) and aspartic acid (and/or asparagine), amino acids which were highly labeled in their free form. These amino acids were those which had a high specific radioactivity in the intermediary organs (Table II) .
DISCUSSION
Analysis of the products of photosynthesis just after a 5 min "4C02 pulse shows that the pathway of carbon fixation in the ear leaf is characteristic of a C4 photosynthetic process with malate and aspartate as primary intermediates and sucrose as the major end product of photosynthesis (7, 9) . The observation of a substantial labeling of glycolate, glycine, and serine is in favor of the operation of the glycolate pathway (15, 18) . Because in C4 plants the carbon flux through this pathway is less than in C3 plants (18) , in the maize leaf a part of 14C serine also may directly derive from glycerate-3-P through hydroxypruvate (2, 24 (1 1, 15, 18) .
Once the photosynthetic CO2 has been finally incorporated in the leaf sugar, its fate can be rapidly limited to the transient storage of starch and the export of sucrose, the main "1C compound of the intermediary organs, as is generally the case in cereals (14) . The secondary labeling of starch likely involves a reassimilation of 14"C2 released by the combustion of sucrose, because the level of sucrose remains high in the leaf and does not increase in the intermediary organs when starch is synthesized for the second time. This suggests that maize is able to increase the proportion of sucrose towards the developing seed and to minimize the losses of photoassimilated carbon. Concerning the export of sucrose, it is worth emphasizing that, contrary to a widespread notion (10) , during the night the translocation rate falls down to negligible values. In fact, it takes place early in the morning following the CO2 incorporation: in the intermediary organs (node and shank), the level of the radioactivity (0.5 kBq/g DM') remains nearly constant when the export of photosynthates is roughly nonexistent during the night. In the intermediary organs, sucrose, and also amino and organic acids, but to a lesser extent, set up a transient reservoir of carbon skeletons used thereafter as precursors in the synthesis of starch, proteins, and lipids of the grain.
The only labeled free amino acids still left in the fed leaf area at the end of the experiment are glutamic acid and asparagine, direct precursors and molecules used for the translocation of nitrogen (1) . This is consistent with the demonstration by Feller et al. (4) that, during the seed formation, there is a rapid break-'Abbreviation: DM, dry matter. hydrolysis.
down of the leaf proteins leading to glutamine and asparagine, transported in the phloem out of the leaf toward the seed. In the vascular bundles only a few amino acids are labeled, in accordance with the results obtained in soybean (12) and in oat (23) . This could suggest the possible existence of some mechanism limiting the entry of amino acids into the transport path, an assumption supported by the absence of 14C glycine in the intermediary organs. Glycine should be decarboxylated in the leaf and the resulting NH3 utilized to form glutamine, the main form of nitrogen transport in maize (13, 29) . The amino acids of the intermediary organs would either directly derive from the free amino acids neosynthesized in the ear leaf or result from transamination of keto acids issued from current photoassimilated carbon or from rapid leaf protein turnover. Concerning the comparison of the free amino acid pools of the seed and of the intermediary organs, we found that some amino acids, which are not significantly labeled in the node and shank, become radioactive in the seed after 10 h of chase, especially amino acids of the aspartate family and aromatic amino acids. These results disagree with those of Arruda and da Silva (1) who did not find differences between the amino acid pools of the vascular sap of the ear peduncle and of the seed, with the exception of proline and cysteine. This discrepancy could be explained by the differences in the experimental procedures. Besides, glutamine exhibits the highest specific radioactivity of the seed free amino acids; this would partly be associated with the high glutamate synthase activity measured in the maize endosperm by Sodek and da Silva (26) .
The three pools of free amino acids extracted from the fed leaf area, from the intermediary organs and from the grains are qualitatively and quantitatively different (the specific radioactivity of leaf amino acids is 1000 times higher than in other compartments, differences which cannot only be explained by the differences in compartment sizes) and evolve differently in the course of the '2C02 chase. This implies first that the size of the free amino acid pool of the ear leaf is small (with a quick Values in parentheses result from a single 24 h turnover) and also that numerous interconversions take place during the translocation processes, interconversions involving several different metabolisms, as suggested by the observation of high level of labeled alanine, amino acid closely linked to the general metabolism and especially to transamination processes (8) . The comparison of the free and protein amino acid pools either in the leaf or in the seed also supports the conclusion that there are also interconversions before the polymerization of amino acids into proteins.
In the leaf, the protein amino acids result from at least three metabolisms. The major one is the photosynthetic metabolism (including a secondary reincorporation the day after the '4C02 pulse) in phase with the nyctemeral period, resulting in the labeling of the free amino acids. It is responsible for the labeling ofaspartic acid, glycine and serine. Serine would also result from the operation ofother metabolic pathways as previously observed in C4 plants where the flux through the glycolate pathway is much less than the flux through the serine-hydroxypyruvate pathway (13) . The radioactivity found in alanine would come from either the photosynthetic metabolism or the sucrose and glucose catabolism giving pyruvate (8) . A secondary metabolism slowly producing another set of labeled amino acids is appended to this metabolism whereas some amino acids escape any significant labeling for at least 4 d. The very significant decrease ofthe labeling ofthe leafproteins in the course ofthe first night implies a rapid turnover, the more so as the major one, ribulose-l,5-bisP carboxylase, accounting for 20% of the maize leaf proteins (28) , is known to have a slow turnover of 1 week (25) .
In the seed, the incorporation of radioactivity into proteins also results from different metabolisms, but none of them is directly coupled to the free amino acid pool directly produced by photosynthesis. The comparison of the kinetics of the amino acid labeling of seed storage proteins to the free amino acid pool of the intermediary organs and of the grain clearly shows that the incoming free amino acids are directly incorporated into proteins. Among these amino acids, serine, glutamine, aspartic, and glutamic acids are previously present in the rachis, but valine, leucine, and also some alanine which derive from pyruvate, asparagine, and threonine which are formed from aspartate and aromatic acids, are synthesized directly in the seed, certainly from carbon skeletons provided by the uptake of sucrose. The very rapid appearance of the labeling in alanine, prior to any other incoming amino acid, supports a synthesis in the grain through such a pathway. To these highly labeled protein amino acids, other amino acids (such as proline, glycine, isoleucine), slowly synthesized in the seed, are not detected quantitatively in their free form but are immediately and progressively incorporated into proteins, so that, once the pulse of incoming amino acids has been absorbed, the labeling of the amino acids of each seed storage protein group tends to reflect the amino acid composition. The protein amino acids which are not found labeled are those which are only present in very low amount, such as basic amino acids. It is very plausible that we failed to detect them due to the sensitivity limits of the radioactive detection. Thus seed, like chloroplast, appears to be able to synthesize all the protein amino acids. The comparison of the labeling of the different protein groups, between themselves and with the balance of the maize storage protein groups (19) , shows that there is no significant partitioning of some amino acids toward a peculiar group and that the compartmentalization of zein and some glutelin fractions into protein bodies (16, 22) does not influence their composition. This is in agreement with the secretory mode of synthesis of seed storage proteins, which are synthesized directly into the ER lumen by membrane-bound polysomes with the cytoplasmic free amino acid as precursors (21) . The comparison of the kinetics of the distribution of the radioactivity in salt-soluble proteins and G3 glutelins implies that at least a fraction of the salt-soluble proteins is progressively converted into insoluble G3 glutelins, in accordance with the relationships between these two groups of proteins previously suggested by Mosse and Landry (19) . Besides, contrary to leaf proteins, no turnover can be evidenced among the seed proteins, the major part of which are storage proteins which will only be mobilized during germination.
The numerous interconversions of the carbon skeletons and of the amino forms are certainly a cause of the delay in the incorporation of the photoassimilated carbon into the seed storage proteins. In leaf, where the translocation processes would not interfere with the metabolism, at least at the beginning of the chase, the incorporation of the incoming radioactivity is rapid, but the secondary labeling of amino acids is slow. However, in seed, the delay in the incorporation of incoming precursors may be prolonged by processes analogous to the well known mechanisms of unloading and transfer of sucrose from the phloem of intermediary organs to the endosperm (3) which involve the passage through specialized basal endosperm transfer cells, with extensively reticulated developing cell wall, prior to movement into the starchy endosperm and embryo. In maize seed, sucrose hydrolysis in the apoplast appears to be necessary for active uptake into the endosperm. Our results partly correlate with those of Sodek and Wilson (27) who studied the fate of "1C leucine and lysine artificially introduced into developing maize seeds by injection into the shank below the ear or by direct injection into the endosperm. Under these artificial conditions they showed the occurrence of interconversions, but since the free amino acids they injected are not the natural precursors which normally enter the seed, they could not observe the importance of the incorporation into seed storage proteins of the incoming amino acids.
In conclusion, we have shown that under normal field conditions, the maize plant directly supplies the developing seeds with the photoassimilatcd carbon which undergoes numerous interconversions from the ear leaf to the seed. The proteins, either in the leaf or in the seed, are primarily built with the incoming amino acids. Nevertheless, a secondary in situ synthesis ofamino acids, resulting from the conversion of sucrose through the general metabolism provides the proteins with new elements. To improve the efficiency of the photosynthesis in the grain filling processes, the search of phenotypical or genotypical factors controlling the two types of limiting steps we put forward, involving both the translocation and the metabolism, would allow the increase of the protein and total yield of the maize crop.
